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Uhlenbeck (VUU) 1)–7) (Quantum Molecular Dynamics;QMD)8)–14)











∂p  f (r, p, t) = (1  1)
3
h(r, p) = p2   2M + u(r, p)
f (r, p)
VUU VUU Vlasov















∗ f (r, p) 1
4



















































3 30 MeV/u 12C + 12C
AMD
 






AMD A   Φ 




det  ϕi(j)  (2

1)
ϕi = φZiχαi (2

2)
αi i αi = p  , p  , n  , n 
χαi φZi i






exp 	 −ν 









ν ν = 0.16 fm−2
  φZ 
























 φZ   r   φZ 
 φZ   φZ  = D,
 φZ   p   φZ 





ϕi   ϕj  = eZ
∗
i   Zjδαiαj (2

8)
  Φ  =   Φ(Z) 
 (Z, Z∗) =  Φ(Z)   Φ(Z)  = det B (2

9)






Φ(Z)   (ih¯ ddt − H)   Φ(Z) 

Φ(Z)   Φ(Z)  = 0 (2  10)















σ, τ 3 x, y, z 
 (Z, Z∗) =

Φ(Z)   H   Φ(Z) 


















































12C α E12C Eα

H  12C − T0 = −E12C = −92.2 MeV

H  α − T0 = −Eα = −28.3 MeV


AMD 12C 3 α
E12C − 3Eα = 7.3 MeV 12C

H  12C = −E12C + T0 3α 3

H  α = 3(−Eα + T0)
E12C − 3Eα + 2T0 2T0 3α
1 T0 ν































I. Volkov No. 1 (m =
0.576) Gogny SKG2
Force ξ a ˆξ aˆ ¯ξ a¯ g0 σ M T0 [MeV]
Volkov 1.0 0.2 2.0 0.1 — — 0.0 — — 7.7
Gogny 2.0 0.6 2.0 0.2 1.0 0.5 1.0 2.0 12.0 9.2





























ˆfij = F(dij, ˆξ, aˆ), fij = F(dij, ξ, a), ¯fij = F(dij, ¯ξ, a¯), (2

21)
dij =   Re(Zi − Zj)   , (2

22)
F(d, ξ, a) =
 
  1 d ≤ a




g(k) 1 Gogny 12C
g(k) = 1 + g0e−(k−M)2  2σ2 (2

24)










































































νr + (i   2h¯  ν)p
f (u, u∗) = 8 
ij
exp  −2(u∗ − Z∗i )
























AMD QMD   σ
σ
dt r W dr
dr






2pibdb  1 − exp  −α  pi   ν e−νb
2 




















AMD P(r)   dr  
W
W AMD Z W
Z




















































σpn = max   13335 E[MeV]−1.125, 40  mb (2

33)











σpn = σpp =
100 mb
1 + E   (200 MeV) + C min  (ρ   ρ0)γ , 1  (2  35)
















1 + E   (200 MeV) + C min  (ρ   ρ0)γ , 1  (2  37)
α


























































2. (2   37)
α
ρ = 0 C = 2 ρ = ρ0
36)
II. Volkov No. 1 m = 0.576 Volkov (2   40) k =
1, 2
k v0 [MeV] a [fm] W B H M
1 −83.34 1.60 0.424 0 0 0.576




v(ri, rj) = 
k










































































= (λ + iµ) ∂ ∂Z∗iσ









v(ri, rj) = 
k
v0k(Wk + BkPσ − HkPτ − MkPσPτ) exp  −(ri − rj)2   a2k 
+
tρ
6 (Wρ + BρPσ − HρPτ − MρPσPτ)ρ(ri)
σδ(ri − rj) (2

42)
Gogny 38) ρ1  3δ(r)
Gogny III AMD
17
III. Gogny Gogny (2   42) k = 1, 2
k v0 [MeV] a [fm] W B H M
1 1 0.70 −402.4 −100.0 −496.2 −23.56
2 1 1.20 −21.30 −11.77 37.27 −68.81
σ tρ [MeV fm4] Wρ Bρ Hρ Mρ
1
 
3 8100 1 1 0 0
IV. AMD
β γ
Nucleus Force B.E. [MeV]
  
r2  [fm] β γ
40Ar Gogny 335 3.35 0.16 < 10 
SKG2 340 3.36 0.09 35 
exp. 344
27Al Gogny 220 3.17 0.40 < 2 











































γ ≡ (N − Z)   A
V. SKG2 SKG2 (2   42) k = 1
k v0 [MeV] a [fm] W B H M
1 −624.46 0.68 0.8 0 0 0.2
σ tρ [MeV fm6] Wρ Bρ Hρ Mρ
1 17269.8 1.0 0.2 −0.8 0.0
B





















































AMD 28.7 MeV/u 12C + 12C
Volkov
3
Case (a) α (2

35) C = 0




37) C = 1, γ = 2




37) C = 2, γ = 2
Case (c) Case (b)
3.1.
6 28.7 MeV/u 12C + 12C
7 Case (c)
28.7 MeV/u 12C + 12C




     10
      0
 -10





t = 15 fm/c
 -10      0     10
z [fm]
 -10      0     10
z [fm]
 -10      0     10
z [fm]
t = 45 fm/c t = 75 fm/c t = 105 fm/c
6. 12C + 12C E
 



































12C (28.7 MeV/u) + 12C
7. 28.7 MeV/u 12C + 12C
Case (c)
22















































9. 28.7 MeV/u 12C + 12C
AMD
Case (a)
























12C (28.7 MeV/u) + 12C
10. Case (b) Case (c)





Case (b) Case (c)
13
3.2.






Case (a) AMD 11(a)
AMD
90 
E   2 E
E = 28.7 MeV/u 15 MeV 12C
15 MeV
70 MeV/u
6 fm 58 15























































11. 28.7 MeV/u 12C + 12C
θ = 5.5  9Be




















12C (28.7 MeV/u) + 12C
 













12. 28.7 MeV/u 12C+12C






MeV p + α
AMD






p + α α














3 (a), (b), (c) α
Case (b) Case (c) 9Be
Case (b)
Case (c) Case (a)
11
Case (a) Case (c)
α 9Be
12C + 12C α 9Be
α

























nucleon  4He  9Be
 







13. 28.7 MeV 12C + 12C α 9Be
Case (a), (b), (c) z
x ∆p
 

























–1.0 0.0 1.0 –1.0 0.0 1.0

















–1.0 0.0 1.0 –1.0 0.0 1.0










15. 12C + 12C α 3







Volkov 28.7 MeV/u 12C + 12C
Volkov
Gogny






wPx   A  =






































16 84 MeV/u 12C + 12C AMD
12C + 12C



























































12C (84 MeV/u) + 12C
Final
Dynamical
















































































20. 45 MeV/u 40Ar + 27Al
AMD
44 MeV/u 40Ar + 27Al
45)
18 12C + 12C





40Ar + 27Al 40Ar + 27Al
20 45 MeV/u Dayras
45) 150 fm/c AMD





A > 5 AMD
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23 25 12C + 12C 40Ar + 27Al
12C + 12C 2 fm 40Ar + 27Al 3 fm
31)–35) 12C + 12C
40Ar + 27Al 1 ≤ A ≤ 4
12C + 12C 100 ± 20 MeV/u Westfall 34)
122 ± 12 MeV/u





























































































30 MeV/u 50 MeV/u
4.3.2.




12C + 12C 23 α
40Ar + 27Al 25 α





VI. 12C + 12C 45 MeV/u 84 MeV/u 40Ar + 27Al 45 MeV/u 85 MeV/u
α
45 MeV/u 84 – 85 MeV/u
C+C Ar+Al C+C Ar+Al
d M 0.50 0.57 1.04 0.86
PPT 17±2% 35±5% 15±1% 28±3%
α M 1.29 0.12 1.12 0.12











PPT 1 − PPT VI PPT
M α 1 − PPT α
12C + 12C 15 %
40Ar + 27Al 30 %




PPT 50 % 12C + 12C PPT ≈ 15 %
30 % 70 %
28






VI α 12C+ 12C 40Ar+ 27Al
4 α 12C + 12C
α α 1 PPT



































































































30. 110 MeV/u 12C + 12C α
41
45 MeV/u 110 MeV/u α σ
σ





31 45 MeV/u 12C + 12C
α 3
0.5σ, 1.0σ, 1.5σ 32









σ 40Ar+27Al 33 40Ar+





40Ar + 27Al σ 12C + 12C
Fij =







Fij Θflow βflow γflow Θflow
Fij z βflow





























































































31. 45 MeV 2 fm 12C + 12C





























































































32. 45 MeV 2 fm 12C + 12C



































 γflow − 2pi3 i






34 35 Θflow βflow α
σ
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Time [fm/c]












Gogny Gogny K = 228 MeV EOS
SKG2 K = 373 MeV EOS EOS
SKG2
SKG2 Gogny
40Ar + 27Al QMD 46)
34 SKG2
Gogny



























150 MeV/u 12C +







K = 228 MeV Gogny
K = 373 MeV SKG2
Gogny
SKG2
12C + 12C AMD
49
α 








44 – 45 MeV/u 40Ar + 27Al
QMD
48) 35 MeV/u 40Ca + 40Ca
49)
QMD α






a A   (8 MeV) A   (12 MeV) AMD












































Φ   T   Φ 















Φ   V   Φ 















ϕi   ϕj  (A

5)

























































vij = v0Xij exp[−(ri − rj)2   a2], (A

10)





i, k ∈ α j, l ∈ β

ij   v   kl − lk  = v0(1 − λ)3  2   BikBlj





αβ   X   βα  exp









Zijkl = Z∗i − Z
∗









∂    ∂Z∗h B B−1
∂B−1ji
∂Z∗h
= GihB−1jh , (A

16)












  2Z∗h + 
i,j∈α





































i, k ∈ α j, l ∈ β
∂

ij   v   kl − lk 
∂Z∗i
≡ v0(1 − λ)3  2   BikBjl

αβ   X   αβ 





αβ   X   βα 





i Bii = e   Zi  
2
B






B   ϕi     












































































































2) σ σ = 1
6  ρ
µw(r) NTP rk (k =


























































































Yα(r) ≡ 	 2ρ˜α(r) + σµ(r)ρ(r) 
ρ(r)σ
µw(r) (B  12)





Yα(rk) exp  −2 












νrk exp  −2 


































p  , p  , n  , n 







E   A = Ekin   A + (Ed   A + Ee   A) + Eρ   A (C

1)
Ekin   A =
3h¯2
10M (6pi
2)2  3 
α
ρ5  3α
ρ , (C  2)
Ed   A =
1
2
pi3  2v0a3 
αβ

αβ   X2   αβ  ραρβρ , (C  3)







αβ   X2   βα  F  a(6pi2ρα)1  3, a(6pi2ρβ)1  3  , (C

4)






αβ   Xρ   αβ − βα  ραρβρ1−σ (C  5)
X2 Xρ
F






























































∂E (D  1)

























































12) det F = (det C)2





















d  x µ(  x)δ(E −  (  x))  a(  x)

∂ (  x)
∂  x (D  7)
J(E) = −





∂ log µ(  x)
∂  x +
∂
∂  x   a(  x)   (  x)
+

d  x µ(  x)δ  (E −  (  x)) ∂ (  x)∂  x   a(  x)  (  x) (D  8)
 a

 ∇ log µ +  ∇




























































































 ∇ log µ +  ∇

 a T(E)
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